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ABSTRACT: On sedimentary tidal flats in the Wadden Sea near the Island of Sylt, the periwinkle 
Littorina littorea occurred preferentially on clusters and beds of mussels and on shell beds (100 to 
350 m-2), achieved moderate densities on green algal patches or mats (20 to 50 m-2), and remained 
r a r e  on bare sediments (<5 m-2). Green algae covering > 10 % of sediment surface appeared in 
summer on approximately one third of the tidal zone, mainly in the upper and sheltered parts and 
almost never on mussel and shell beds. In feeding experiments, L. fittorea ingested more of the 
dominant alga, Enteromorpha, than of U/va, irrespective of whether or not algae were fresh or 
decaying. The tough thalli of Chaetomorpha were hardly consumed. Snails feeding on 
Enteromorpha produced fecal pellets from which new growth of Enteromorpha started. In the 
absence of periwinkles, Enteromorpha developed on mussels and the attached fucoids. Experimen- 
tally increased snail densities on sediments prevented green algal development, but the snails were 
unable to graze down established algal mats. It is concluded that natural densities of L. httorea 
hardly affect the ephemeral mass development of green algae on sediments. However, where the 
snails occur at high densities, i.e. on mussel beds, green algal development may be prevented. 

INTRODUCTION 

Enhanced  eutrophication appears  to have  led to an extensive deve lopment  of green  

algae (Chlorophyceae) on the tidal flats of the Wadden  Sea during summer  (Reise, 1983; 
Reise & Siebert, 1994). The dominant  genera  are Enteromorpha, Chaetomorpha, 
Cladophora and Ulva. Sediments  completely covered  by algae turn anoxic and this 

affects the infauna (Soulsby et al., 1982; Hull, 1987). However ,  mats also provide food for 
herbivores and an abundant  supply of detritus for deposit  feeders  (Price & Hylleberg,  

1982; Levinton & McCartney,  1991). Ducks and geese  (Anas penelope, Branta bernicla) 
are able to use algal mats as a food source (Nicholls et al., 1981). Epibenthic macrofauna 
like amphipods (Brenner et al., 1976; Hyl leberg  & Henriksen,  1980), isopods (Nicotri, 

1980) and other Crustacea (Warwick et al., 1982) also ingest  g reen  algae. Nere id  

polychaetes  anchor Enteromorpha and Ulva thalli at their tubes and ingest  pieces of plant 
tissue (Woodin, 1977). The mudsnai l  Hydrobia ulvae occurs in high densities in the mats, 

but it is not known whether  these snails consume green  algal tissue or mainly the 

microflora (i.e. diatoms) covering the surface of the macroa lgae  (Jensen & Siegismund,  

1980). 
The periwinkle Littorina httorea is predominant ly  herbivorous and prefers ephem-  

eral green  algae l ike Enteromorpha and Ulva to all other macroa lgae  (Watson & Norton, 
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1985a). The  versat i l i ty  of their  t aen ioglossan  radu la  enab les  feed ing  on macroscopic  as 
wel l  as microscopic s tages  of a lgal  d e v e l o p m e n t  (Norton et al., 1990). The  sporadic  and  
pa tchy  distr ibution of Enteromorpha and  Ulva may  rende r  these  a lgae  too unpred ic tab le  
as a food source to sustain large  popula t ions  of special is t  grazers  (Cates & Orians,  1975; 
Littler & Littler, 1980). L. littorea, however ,  is a genera l  herbivore,  and  efficiently uses the  
per iodic  avai labi l i ty  of such va luab le  food sources (Lubchenco, 1978). Exper imenta l  
exclusion of L. littorea on rocky shores showed  that  per iwinkles  at h igh  densi t ies  are ab le  
to p reven t  the es tabl i shment  of g reen  a lgae  (Lein, 1980; Lubchenco,  1983; Petraitis, 
1983). 

The  inf luence of this herb ivorous  snail  on the deve lopmen t  of g r e e n  a lgae  on 
sed imen ta ry  t idal  flats in the W a d d e n  Sea  is not known,  bu t  may  be  subs tan t ia l  - at leas t  
in habi ta ts  whe re  snail  densi t ies  are  high,  e.g. in beds  of seagrass ,  shel ls  or mussels  
(Wohlenberg,  1937; Linke, 1939). In this invest igat ion,  labora tory  and f ield studies were  
per formed  to explore  the impor tance  of Littorina littorea for the  d e v e l o p m e n t  of g reen  
a lgae  in different  habi ta ts  in the W a d d e n  Sea. 

MATERIALS AND METHODS 

S t u d y  s i te  

Invest igat ions  were  carr ied out in Kbnigshafen,  a shallow, she l t e red  W a d d e n  Sea  
bay  near  the Is land of Sylt (North Sea). H y d r o g r a p h y  and sed iments  have  b e e n  desc r ibed  
by  Aus ten  (1990), distr ibution of mac roa lgae  by  Nienburg  (1927) and Kornmann  (I952). 
Extensive mats  of g reen  a lgae  have  b e e n  p resen t  on the  t idal  flats for a b o u t  I0 years  
(Reise, 1983; Reise et al., 1989). 

D i s t r i b u t i o n  of p e r i w i n k l e s  a n d  g r e e n  a l g a e  

Snarl densi t ies  and  the occurrence  of macroscopic  g reen  a lgae  were  m a p p e d  twice, 
in Apri l  and  Ju ly  1992, in the southern  par t  of K6nigshafen.  Pe rcen tage  cover  of g reen  
macroa lgae  on t idal  flats was es t imated  visual ly for a reas  of 50 x 50 m. M e e s e  & Tomich 
(1992) tes ted  severa l  percent  cover es t imat ion methods,  i.e. visual  es t imat ion,  evenly  
spaced  dots, r andom d6ts, strat if ied r andom dots and  electronic d ig i t iz ing  of photo-  
g raphic  images  for repea tab i l i ty  and  robustness  agains t  observer  bias.  Digit izing of 
pho tograph ic  images  was found to be  the  most  prec ise  - but  costly. The es t imates  de r ived  
from the other  techniques  were  not  s ignif icant ly different  from each  other.  Therefore,  
t ime-saving  visual  es t imat ion was used  for this invest igat ion.  

Snail  densi t ies  were  de t e rmined  with an  a luminium frame (0.25 m2), d iv ided  into 
smal ler  a reas  (0.01 m 2) to facil i tate counting.  The frame was  thrown h a p h a z a r d l y  severa l  
metres  for sampling.  Seven repl icate  counts of snail  densi t ies  were  m a d e  every 50 m. 
Bare sed iment  flats, pa tches  or mats  of g reen  algae,  beds  of seagrass  and  shells ,  stones, as 
wel l  as c lusters  and  banks  of mussels  (Mytilus edulis) were  sampled  s e pa ra t e ly  wi th  
7 repl ica tes  each, because  they provide  different  habi ta ts  for pe r iwink les  on t idal  flats 
(Wohlenberg,  1937; Linke, 1939). 
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I n g e s t i o n  r a t e s  

The ingest ion of green algae by Littorina littorea was measured  in the laboratory 

according to a modified method of Shacklock & Doyle (1983). Snails with a med ium shell 

height  (19 --- 1 mm, wet  weight  2.15 _+_ 0.78 g) were  sampled and placed in large Petri 

dishes, which were  filled with sterile seawater,  covered with fine meshed  gauze  and 

incubated  at a constant tempera ture  (15~ and photoperiod (16 h hght). After a 48 h 

starvation period they were  fed with a def ined amount  (wet weight) of f ragmented  g reen  

algae. Each exper iment  was run with 10 rephcates  over 10 days. Water and food were  

changed  every day. The remaining algae were  we ighed  to determine  the loss due to 

ingest ion per day. Calculations were  based  on wet  weight  of snails and a lgae  since 
feeding of the snails cannot be  done with dried algae. The number  of fecal pellets 

produced was counted every morning with a binocular  and examined  under  a micro- 
scope. Ten replicates of a lgae without grazers served as controls. The ingest ion of 

Enteromorpha, Ulva and Chaetomorpha was compared.  Fresh as web  as decaying  thalli 

were  used to test the influence of algal condition on the ingest ion rates. 

C a g i n g  

Caging  exper iments  were  carried out in a shel tered part of the upper  intertidal zone, 

Cylindrical cages made  of wire-mesh (6.3 x 6.3 mm) with 54 cm diameter  and 25 cm 
height  were  anchored in the sediment.  For each exper iment  7 cages and 7 control cages 

were  installed, 1 to 3 m apart. Littorina littorea was included and excluded in different 
sets of experiments .  

I n c 1 u s i o n e x p e r i m e n t s. To test the potential  inf luence of grazing on sedi- 
ment  flats, densities of periwinkles  were  increased in a sandy area with a t tached strands 

of Enteromorpha covering approximately 9 % of the sediment  surface. Natural  densi ty at 

this site was < 1 snail per m 2 in June  1992. A random choice among strands of g reen  
algae was taken to install the cages. 

(a) June  4th to 20th: Each cage  included 50 periwinkles  corresponding to densit ies 

occurring in mussel  beds (200 m-2). Control cages were  installed containing no snails. 

(b) June  20th to July 5th: To test the effect of grazing on es tabhshed algal mats, 50 
snails were  added  to each of the control cages of (a) where  the algal  cover had increased.  

The cover of Enteromorpha in the cages was est imated and photographed every  day. 
Pictures were  analysed with a screen to de termine  percent  cover of green a lgae  on the 

sediment.  To est imate biomass corresponding to the algal cover in the cages, samples  

were  taken on ne ighbour ing  sediment  areas with comparable  algal cover. Wet we igh t  of 
Enteromorpha was determined.  

E x c 1 u s i o n e x p e r i m e n t s. May 5th to August  8th: 14 cages were  installed on 

a mud flat covered with clusters of mussels. Each cage contained a cluster with a 
d iameter  of 40 cm, which was chosen haphazardly.  The periwinkles  on mussels  or 

fucoids were  counted and excluded from 7 cages. Control cages contained natura l  snail 

densities. After 2.5 months, samples of mussels and fucoids were  examined  under  a 
binocular  microscope for the occurrence of g reen  algal germlings. 
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S u r v i v a l  of g r e e n  a l g a e  t h r o u g h  p e r i w i n k l e  d i g e s t i v e  s y s t e m  

Fecal pellets from Li t tor ina  f i t torea were collected and incubated  in cul ture  medium 
to test the ability of green algae to survive digestion. Ten  snails each from two green algal 
mats and  a sediment  flat were collected and carefully r insed in sterile seawater  to remove 
algal remains  from the shell surface. After 24 h the produced pellets were  transferred to 
Petri dishes filled with culture medium and incubated  at constant  t empera ture  (15 ~ and  
photoperiod (16 h light). Fecal pellets from ingest ion experiments in  the laboratory were  
treated in the same way. After 3 weeks fecal pellets were invest igated for germlings of 
green algae. 

Results were calculated as mean  values with s tandard deviat ion (x + y). Data of 
ingest ion rates were analysed by a two-factor analysis of variance (ANOVA) with algal 
species (3 levels) and  freshness (2 levels) as factors, followed by Tukey ' s  HSD multiple 
comparison test. 

RESULTS 

D i s t r i b u t i o n  of p e r i w i n k l e s  a n d  g r e e n  a l g a e  

The abundance  of I_u'ttorina l i t torea  (> 5 mm) on the tidal flats of K6nigshafen 
differed be tween  habitats (Pig. 1). Highest densities (100 to 350 m -2) occurred on hard 

stones 

mussel clusters 

mussel beds 

shell beds 

seagrass 

green algal mats 

bare sediment  

April July 

i 

- i 
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4 0 0  200  0 2 0 0  4 0 0  
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Pig. 1. Abundance of Littorina littorea in different habitats on the tidal flats of KSnigshafen (mean 
values and standard deviation with n ~ 21). Seagrass was absent in April 
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substrata (stones, shell beds, aggregates  of mussels). Moderate densities (20 to 50 m -2) 
were found on macrophytes (seagrass beds, green algal patches or mats). Hardly any 
snails were encountered on bare sediments  (< 5 m-2). Even on some rather small  patches 
of Enteromorpha (app. 2 m-2), snail densit ies were higher (12 to 48 m -2) than  on the 
surrounding sediments (0 to 3 m-2). Green algae occurred on approximately one third of 
the tidal zone of KSnigshafen in July. Up to a 100 % cover developed in two sheltered 
bays, where drifting green algae accumulated.  P.nteromorpha dominated, but  also large 
amounts  of U/va, Chaetomorpha and  Cladophora were present. Mussel and  shell beds 
remained free from attached green algae. 

I n g e s t i o n  r a t e s  

In the feeding experiments,  Littorina h'ttorea consumed t~nteromorpha more than 
Ulva. Chaetomorpha was hardly ingested - even after a few days of starvation (Fig. 2). 
Data from determinat ion of algal wet weight  were analysed by a two-factor ANOVA. 
Significant differences among algal species were found (p < 0.001}, but  not be t w e e n  fresh 
and decaying algae (p = 0.154), al though the latter were covered with white sulfur 
bacteria and had a strong smell of sulfide. Since a significant species x freshness 
interaction occurred (p=0.035),  two following one-factor ANOVA were performed, 
separating fresh from decaying algae. Differences be tween  the mean  of all three algal 
species were highly significant (Tukey's test, p < 0.001). Generally, the same results were 
obtained by determinat ion of pellet production. Significant differences only occurred 
be tween  species (two-factor ANOVA, p < 0.001), not be tween  fresh and decaying algae 
(p = 0.271). The means  of all three species differed significantly (Tukey's test, p < 0.001). 
Wet weight of the ungrazed controls did not change during the 24 h periods. 

I n c l u s i o n  e x p e r i m e n t s  

Fifty littorinids per cage were able to decimate a green algal cover of 9 --+_ 3 % (n = 7) 
within one day to 2 _+ 3 % cover: After two days, no Enteromorpha was left (Fig. 3). One  
cage was enveloped with f ine-meshed gauze to capture drifting fi laments of 
Enteromorpha. Since no loose thalli were encountered  in the net, it is assumed that the 
snails ingested entire algae, ahd did not simply detach them from the sediment.  Samples 
of Enteromorpha from areas with a comparable  algal cover showed that 10 % cover of the 
sediment  surface corresponds to 7 g algal wet  weight. This was present  in the cages at 
the beg inn ing  of the experiment.  Therefore, each snail ingested approximately 110 mg 
Enteromorpha biomass daily. Ingest ion rates for Enteromorpha measured  in the labora- 
tory were similar (127 -+ 33 mg, n = 10). In the control cages, F.nteromorpha strands grew 
rapidly. After 16 days, more than 50 % of the sediment  surface was covered with green  
algae. At that time, 50 snails were added  to the controls. T h e s e  snails were not able to 
graze down the algal biomass. After two weeks, algal cover was still at 50 % in these 
cages, although snails were observed to feed on the algae just as they did in the first 
phase of the experiment.  
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Fig. 2. Ingestion of green algae by Littorina littorea measured as (a) loss of green algal wet weight, 
and (b} number of fecal pellets produced within one day (means and standard deviation) 
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Fig. 3. Effects of I2ttorina littorea inclusion (50 snails) and exclusion (control) on Enteromorpha 
coverage within cages (n = 7 + 7) on a sandy flat over a period of 16 days 

E x c l u s i o n  e x p e r i m e n t s  

Cages (n -- 7) excluded 240 _+ 32 snails from clusters of mussels. Natural  densities of 
244 ___ 48 remained in the controls (n = 7). At the beg inn ing  of the experiment,  no 
germlings of green algae were detected. After 2.5 months young thalli of green algae, 
mainly Enteromorpha, were attached to mussels and fucoids in the cages without 
periwinkles. Parts of the brown algae were covered with a dense "lawn" of green algal 
thalli, several mm in length. No Enteromorpha developed in the control cages, and none  
were found to develop on ambient  clusters without cages. 

S u r v i v a l  of g r e e n  a l g a e  af ter  p e r i w i n k l e  d i g e s t i o n  

Fecal pellets produced in the laboratory feeding experiments contained a large 
amount  of undigested algal tissue. Similarly, individuals collected from green algal mats 
produced fecal pellets with visible pieces of green algal tissue. Pellets from snails 
collected on bare sediment  flats showed no distinct food remains. After a 3-week 
incubat ion period, germlings of Enteromorpha occurred in fecal pellets that were pro- 
duced by snails fed with Enteromorpa in the laboratory experiment  as well as by snails 
feeding in green algal mats. Pellets from snails feeding on bare sediment  flats did not 
develop any germlings. 
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DISCUSSION 

D i s t r i b u t i o n  a n d  a b u n d a n c e  

l_dttorina littorea is able  to colonize a var ie ty  of ha rd  and soft bo t t om habi ta ts  
(Bertness, 1984). On muddy  or sandy  fiats, the popula t ion  is h ighly  p a t c h y  in dis tr ibut ion 
because  sus ta ined  deve lopmen t  requires  a firm substrate,  i. e. stones, shel ls  or macroal-  
gae  (BandeI, 1974). These  structures are  of marg ina l  or insular  occur rence  in the  W a d d e n  

S e a  t idal  zone and  so is the distr ibut ional  pa t te rn  of L. littorea. 

H a b i t a t  a n d  f o o d  q u a l i t y  

Al though Enteromorpha and  Ulva are  shown to be  high qual i ty  food, Littorina 
littorea clearly prefers  firm subst ra tes  to mats of g reen  algae.  As slow mov ing  herbivores ,  
per iwinkles  requi re  macroa lgae  to serve both as food as well  as habi ta t  s t ruc ture  (Watson 
& Norton, 1985b). Green  algal  mats  floating with the t ides may  provide  a ra ther  uns table  
habitat .  Therefore,  snails prefer  the more s table  musse l  or shell  beds.  Here  they  find 
microscopic food l ike diatoms or germl ings  of macroa lgae .  

Under  labora tory  conditions, ingest ion of different  g reen  a lgae  was  tes ted .  Littorina 
littorea prefe r red  the soft thalli  of Enteromorpha and Ulva and hard ly  i n g e s t e d  the tough 
and  r igid Chaetomorpha thalli. The toughness  of the  thallus surface as a bar r ie r  aga ins t  
graz ing  is an impor tant  factor for the edibi l i ty  of a lgae  (Norton & Manley ,  1990). 
Per iwinkles  consumed  f ragmented  pieces  of Enteromorpha near ly  three  t imes  more than 
those of Ulva. This is because  the t issue of Enteromorpha is s igni f icant ly  softer and  
contains aqueous  extracts with s trong phagos t imulan t  proper t ies  (Watson & Norton, 
1985b). However ,  l i t torinids fed with whole  a lgal  thall i  i nges ted  Ulva twice  as much  as 
Enteromorpha (Watson & Norton, 1985a). This indica tes  the impor tance  of thal lus  form: 
while the broad  ulvoid thallus is easily p inned  down by the snai l ' s  foot  to provide  a 
re la t ively s table  food substratum, a s ingle tubular  frond of Enteromorpha is too nar row to 
carry the ent ire  foot and, if inf la ted with gas, has a strong inheren t  buoyancy .  

Ef fec t s  of g r a z i n g  

On sed imen ta ry  flats without  any firm subst ra tes  (shell gravel,  musse l  beds),  Lit- 
torina littorea is incapab le  of grazing down Enteromorpha because  its a b u n d a n c e  is too 
low. According  to the l i terature,  this was  a l r eady  the case  prior to the  a d v e n t  of the g reen  
a lgal  masses  in the 1980s (Linke, 1939; Wohlenberg ,  1937). Thus, the r ecen t  Spread of 
g reen  a lgae  in the  W a d d e n  Sea  is p robab ly  not  caused  by  a re lease  from graz ing  
pressure.  Fur thermore ,  the survival  of Enteromorpha in fecal pel le ts  sugges t s  that  L. 
littorea would  not  be  able  to exc lude  these a lgae  from the t idal  zone. Wi th  increas ing  
b iomass  of g reen  macroa lgae ,  the effects of l i t torinid graz ing  dec reases  b e c a u s e  incom- 
ple te  digest ion is a consequence  of an excess  of food (Abe le -Oeschger  & Theede ,  1991). 
Tissues of opportunis t ic  g reen  a lgae  have  a g rea t  to t ipotency (Santelices & Ugarte ,  1987). 
Therefore,  they  are able  to r egene ra t e  new thalli  from und iges t ed  a lga l  remains .  

It remains  an  open  quest ion whe the r  musse l  and  shell  beds  would  be  covered  by  
green  algal  mats  in the absence  of Littorina littorea. This may  be  inferred from their  h igh  
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a b u n d a n c e  in t he se  habi ta t s  and  f rom the  exc lus ion  e x p e r i m e n t s  w h i c h  ind ica t e  that  

g e r m l i n g s  of g r e e n  a l g a e  cou ld  es tabl ish  on shells,  musse l s  and  fucoids  in the  a b s e n c e  of 

g r a z i n g  pe r iwink les .  T h e  effects  of l i t tor inid g r az ing  on a shel l  b e d  was  t e s t ed  by  m e a n s  

of an  exc lus ion  e x p e r i m e n t  in two aquar ia ,  bo th  f i l led wi th  e m p t y  shel ls  and  steri le 

s eawa te r .  T e n  snails  w e r e  pu t  in one  aqua r ium.  This  is in a c c o r d a n c e  to na tu ra l  dens i t i es  

in shel l  b e d s  (250 m-2) .  Af te r  one  m o n t h  of i ncuba t i on  in the  a b s e n c e  of Littorina littorea, 
seve ra l  m m  long  g r e e n  a lga l  thall i  occu r r ed  on  mol lusc  shells.  No  g r e e n  a l g a e  w e r e  

o b s e r v e d  in the  a q u a r i u m  con ta in ing  pe r iwink les .  
A l t h o u g h  g r az ing  on mic roa lgae  has  b e e n  g e n e r a l l y  p r e s u m e d  to be  unse l ec t i ve ,  the  

p e r i w i n k l e s  c lear ly  p re fe r  ge rml ings  of Ulva and  Enteromorpha to j u v e n i l e  p lanf le t s  of 

o ther  a l g a e  (Watson & Norton,  1985a). H o w e v e r ,  the  Enteromorpha thall i  r e m a i n e d  smal l  

du r ing  the  2.5 m o n t h s  of e x p e r i m e n t a l  per iod.  P r e s u m a b l y  t he r e  m a y  b e  o the r  inh ib i t ing  

factors  invo lved .  Fu r the r  e x p e r i m e n t s  are  r equ i r ed .  

C O N C L U S I O N S  

A l t h o u g h  Enterornorpha is a p r e f e r r ed  food of Littorina littorea, effects  of g r a z i n g  on 

s e d i m e n t a r y  fiats a re  smal l  c o m p a r e d  to those  d o c u m e n t e d  f rom rocky  shores.  T h e  

u n d e r l y i n g  cause  is the  unsui tab i l i ty  of Enteromorpha as a hab i ta t  w h e n  g r o w i n g  on 
sed iments .  In the  W a d d e n  Sea  t idal  zone,  L. littorea is not, a n d  p robab ly  n e v e r  was,  a 

g r aze r  cont ro l l ing  g r e e n  a lga l  growth .  A poss ib le  e x c e p t i o n  is t he  l ack  of g r e e n  a l g a e  on 

most  m u s s e l  beds .  
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